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(57) ABSTRACT 

A method of making micro-optic elements. In one embodi 
ment, photo-resist elements each having predetermined 
dimensions are transferred onto a Substrate. The photo-resist 
elements are exposed to a reflow process to shape the top 
Surface of the elements into a curved Surface. The method 
also involves a reactive ion etching proceSS having con 
trolled parameterS Such as a photo-resist depth and the 
Selectivity between the Substrate and photo-resist. A prede 
termined photo-resist depth and Selectivity form a micro 
optic element having a predetermined shape, preferably an 
elliptical or parabolic shape. In another aspect of the present 
invention, a micro-optic element is used to construct a 
micro-mirror for eliminating filamentation and promoting 
Single mode operation of high-power broad area Semicon 
ductor lasers. The lenses and micro-mirrors produced by 
methods disclosed herein are configured to collimate the 
output of high-power lasers and promote a Gaussian inten 
sity profile laser beam from a broad area laser beam. 
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MICRO-OPTIC ELEMENTS AND METHOD FOR 
MAKING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application is a continuation-in-part of appli 
cation Ser. No. 10/104,900, filed Mar. 20, 2002, pending, 
now U.S. Pat. No. , issued 

FIELD OF THE INVENTION 

0002 The present invention is related to micro-optic 
elements (MOE) and, more particularly, to elliptical and 
parabolic micro-optic elements, Such as micro-lenses, 
micro-lens arrays (MLA), micro-reflectors, and micro-mir 
rors made by reactive ion etching (RIE). 

BACKGROUND OF THE INVENTION 

0003. In recent years, interest in the field of micro-optics 
has continued to increase. For instance, miniature lenses, 
micro-lenses, and micro-lens arrays are in demand for 
applications involving optical computing, optical informa 
tion processing, and communications. In one specific 
example, micro-lenses and micro-lens arrays are used in 
various apparatuses for coupling light from a laser to an 
optical fiber and coupling light from an optical fiber to a 
photo-detector. In another example, a micro-reflector or a 
micro-mirror may be used to direct the light or construct 
external cavities. Several embodiments of an apparatus 
where a parabolic reflector is used to promote single trans 
verse mode operation from high-power, multi-mode broad 
area diode lasers are shown in U.S. Pat. No. 6,002,703 to 
Hwu et al. Several embodiments of an apparatus where a 
parabolic mirror is used to collimate and direct the light from 
a high-power, multi-mode broad area diode laser are shown 
in U.S. Pat. Nos. 5,995,289, 6,219,187 B1 and 6,259,713 
B1. Because of the increased demand for micro-lenses, 
micro-lens arrays, micro-reflectors, and micro-mirrors in 
Such applications, considerable effort has been made in 
developing methods for making micro-optic elements. 
0004 One existing method for making micro-lenses and 
micro-lens arrays comprises the Steps of forming an array of 
photo-resist elements on a Substrate, melting the elements to 
a curved shape, and thereafter Solidifying the elements. The 
photo-resist elements and the Substrate are then Subjected to 
an etching proceSS involving a reactive gas. This process is 
referred to in the art as reactive ion etching (RIE). The 
photo-resist elements cause differential etching in the Sub 
Strate Such that the dome shapes of the original photo-resist 
elements are replicated in the Substrate. Unfortunately, prior 
art methods produce many optical elements having devia 
tions that cause unwanted light dispersions. In addition, 
known methods of producing micro-lenses and micro-lens 
arrays cannot effectively produce a lens with a specific 
profile, Such as an elliptical or parabolic profile. 

SUMMARY OF THE INVENTION 

0005 There exists a need for an improved method for 
manufacturing micro-optic elements with improved light 
dispersion characteristics. In addition, there exists a need for 
a method for manufacturing micro-optic elements with a 
Specific profile, Such as elliptical or parabolic profiles. The 
present invention relates to micro-optic elements including 
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micro-lenses, micro-lens arrays, micro-reflectors, micro 
mirrors, and a method for making the Same. In one embodi 
ment, a method of making a micro-optic element utilizes a 
photo-resist and a Substrate. The photo-resist is patterned 
and transferred onto a substrate by any known method. The 
Substrate may be constructed from any Suitable material 
Such as Silicon, GaAS, fused Silica, glasses, or the like. This 
part of the process also involves re-flowing, i.e., controlled 
melting, the photo-resist into a shape having a curved 
croSS-Section. In the re-flow process, Surface tension of the 
Semi-melted photo-resist causes the photo-resist to form a 
Spherical shape. 

0006 The photo-resist and substrate are then processed in 
compliance with a Suitable etching process, Such as reactive 
ion beam etching process. More specifically, Selected por 
tions of the Substrate are gradually removed by the etching 
process, wherein the Spherical shaped photo-resist elements 
protect Sections of the Substrate. Eventually, the Sections of 
the Substrate that are covered by the shaped photo-resist 
elements take on the shape of a curved micro-optic element. 
In this case, the etching is differentially developed in two 
regions: in one region that is not covered by the photo-resist, 
the etching advances uniformly in a normal direction; and in 
the other region, which is covered by the photo-resist, the 
Substrate is gradually etched in a curved formation. Since the 
photo-resist is formed into a shape having a curved croSS 
Section, the tapered portion of the photo-resist is etched 
earlier than the portion of the photo-resist having a maxi 
mum thickness. 

0007 Next, the Substrate and photo-resist are exposed to 
a Stripping process to remove the remaining photo-resist 
from the substrate. When the photo-resist is completely 
Stripped from the Substrate, the resultant Structure is in the 
form of a micro-lens or a micro-lens array disposed on the 
Surface of the Substrate. As a result of a predetermined 
photo-resist depth and Selectivity of the etching process, a 
micro-optic element may be easily configured with an 
elliptical or parabolic profile. Optionally, the above-de 
Scribed fabrication method also includes the application of a 
thin coating material on at least one Surface of each micro 
lens. 

0008. In another embodiment of the present invention, a 
method of making a micro-reflector or micro-mirror having 
an elliptical or parabolic profile is provided. In one specific 
embodiment, the micro-optic elements formed in accor 
dance with the present invention are used as master elements 
to mold micro-reflectors or micro-mirrors. In this specific 
embodiment, the micro-optic elements are made using the 
above-described reactive ion etching process. Next, the 
micro-reflectors or micro-mirrors are then formed on the 
micro-optic elements by the use of any molding process, 
Such as injection molding, thermal embossing, UV emboSS 
ing, or the like. The resultant micro-reflectors or micro 
mirrors can be used to capture, collimate, and direct light 
from high-power, multimode, broad-area Semiconductor 
lasers. 

0009. In accordance with another embodiment of the 
present invention, the etching ratio of the Substrate to 
photo-resist, also referred to as the etch-rate Selectivity, is 
maintained during the reactive ion etching process at a 
predetermined level to produce a lens having a desired 
elliptical or parabolic profile. In one specific embodiment, a 
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reactive ion etching process that is controlled to maintain a 
Selectivity of at least 5:1 is used to form a lens having a 
parabolic or elliptical profile. In this embodiment, the flow 
rates of gases applied in the reactive ion etching process are 
adjusted to obtain the predetermined Selectivity. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.010 The foregoing aspects and many of the attendant 
advantages of this invention will become more readily 
appreciated as the Same become better understood by ref 
erence to the following detailed description, when taken in 
conjunction with the accompanying drawings, wherein: 
0.011 FIG. 1 is a top view of part of a substrate upon 
which photo-resist elements have been formed for the pur 
pose of making a micro-optic element array; 
0012 FIGS. 2A-2D illustrate a fabrication process for 
forming a micro-optic element and an external cavity 
device; 
0013 FIG. 3A is a graphical representation of a cross 
Section of a micro-optic element formed in accordance with 
the present invention; 
0.014 FIG. 3B is a graphical representation illustrating 
the difference between a lens having a parabolic profile 
Versus a lens having a specific elliptical profile; 
0.015 FIG. 4 is a cross-section of a structure used for 
forming an external cavity device formed in accordance with 
one embodiment of the present invention; 
0016 FIG. 5 is a cross-section of one embodiment of an 
external cavity device formed in accordance with one 
embodiment of the present invention; 
0017 FIGS. 6 and 7 are planar views at different levels 
of magnification of micro-lenses formed by the techniques 
of the instant invention; and 
0018 FIGS. 8, 9, 10 and 11 are profiles of lens cavities 
formed to various dimensions by the unique methods of the 
instant invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

0019. The present invention relates to micro-optic ele 
ments and a method for making the Same. In one aspect of 
the present invention, the method for making micro-optic 
elements involves a reactive ion etching proceSS having 
controlled process parameters, Such as a predetermined 
photo-resist depth and etch-rate Selectivity. As a result of a 
predetermined photo-resist depth and Selectivity, one 
embodiment of the fabrication process forms a micro-optic 
element having a predetermined shape, Such as an elliptical 
or a parabolic shape. In another embodiment of the present 
invention, a micro-lens having a curved cross-section is used 
to construct micro-mirrors-also referred to as external cavi 
ties. The resultant profile of the external cavity formed in 
this embodiment reduces the filamentation of a laser and 
promotes the Single mode operation of a high-power, broad 
area Semiconductor laser. 

0020 Referring now to FIGS. 1 and 2A, one embodi 
ment of a fabrication process for forming a micro-optic 
element array, Such as a micro-lens array, is shown and 
described below. As shown, the fabrication process involves 
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a structure 100 having an array of photo-resist elements 105 
on a Substrate 101. AS can be appreciated by one of ordinary 
skill in the art, the formation of an array of photo-resist 
elements 105 on a substrate 101 may be made by any 
generally known fabrication proceSS involving a Suitable 
photo-resist material. For instance, the photo-resist elements 
105 may be conveniently formed by a masking process. 
0021. The photo-resist material used for the formation of 
the micro-lens array may be made of any material that 
Suitably transferS a pattern to a Substrate during an etching 
process. For instance, in one embodiment, a Suitable photo 
resist is AZ9260, from the Shipley Company of Marlbor 
ough, Mass. As will be described in more detail below, the 
use of a photo-resist such as AZ9260 promotes the formation 
of a micro-optic element having an elliptical or parabolic 
profile. 

0022. In accordance with one embodiment of the present 
invention, a micro-optic element, Such as a lens, may have 
a diameter greater than fifty microns. In addition, each 
micro-optic element in an array of micro-optic elements may 
be regularly Spaced at a distance greater than about ten 
microns. The Substrate 101 can be at any thickness, as is 
appropriate for its Subsequent use. Although the illustrated 
embodiment shows a structure 100 having an array of 
photo-resist elements 105 in a Straight-line configuration, it 
is within the Scope of the present invention to configure any 
number of photo-resist elements 105 in any pattern or on any 
number of Sides of the Substrate. For example, a hexagonal 
arrangement can be used to improve the fill factor of the 
fabrication process. 
0023. In one specific embodiment, the substrate 101 can 
be made of Silicon. In this Specific embodiment, the photo 
resist elements 105 may have a diameter of about four 
hundred microns and a height of about one hundred microns. 
AS can be appreciated by those skilled in the art, the 
substrate 101 may be made of any other material useful as 
a lens or reflector. For instance, the substrate 101 may be 
made of indium phosphide, Zinc Selenide, gallium arsenide, 
various glasses, Sapphire, fused Silicon, or the like. For 
embodiments to be utilized as a lens or reflector, the material 
of the Substrate 101 should be one that is transparent to the 
light. In other embodiments, the substrate 101 may be any 
other material that Suitably Supports the fixation of a reflec 
tive coating. 

0024. As will be described in further detail below, one 
embodiment of the present invention involves the formation 
of master elements, which are ultimately used to construct 
an array of external cavity reflectors. In Such an embodi 
ment, the substrate 101 may be made from any material 
having Sufficient Strength for Supporting the formation of an 
external cavity device made of various materials. Such as 
metals, plastics, glass, or combinations thereof. 
0025 Referring now to FIG. 2B, the fabrication process 
continues where the photo-resist elements 105 are melted, 
thus causing the photo-resist elements 105 to assume ellip 
tical, curved or hemispherical shapes. During the melting 
process, heat (referenced as item 115) is applied to the 
structure 100. In one embodiment, the area surrounding the 
structure 100 is raised to a temperature of about one hundred 
and forty degrees Celsius for a period of approximately four 
minutes to achieve one desired shape of the photo-resist 
elements 105. Although this specific example is used to 
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illustrate one embodiment of the present invention, any 
process that forms a photo-resist material into a curved 
shape falls within the Scope of the present invention. 
0.026 Referring now to FIG. 2C, the formed photo-resist 
elements 117 are melted to a curved hemispherical shape 
from a Substantially rectangular shape, which is illustrated 
by the dashed lines. Once the photo-resist elements are 
formed into a curved shape, the formed photo-resist ele 
ments 117 are then hardened to stabilize the desired shape of 
the photo-resist elements 117. In one embodiment, the 
formed photo-resist elements 117 may be hardened by 
cooling the photo-resist elements 117 to room temperature. 

0027. After the photo-resist elements are shaped into a 
curved form, an etching process is used to form a lens under 
each photo-resist element 117. In one embodiment of the 
present invention, a reactive ion etch reactor is used to etch 
each lens. Referring to the illustration of FIG. 2C, the 
structure 100 is placed in the reactive ion etch reactor Such 
that the formed photo-resist elements 117 can be exposed to 
an etch gas 125. When exposed to the structure 100, the 
reactive ions of the etch gas 125 affect both the formed 
photo-resist elements 117 and the Substrate material such 
that, after a period of time, the Surface of the Substrate 101 
is formed into a configuration having a number of shaped 
lenses. One illustrative example of such a substrate 101 
having a number of shaped lenses is shown in FIG. 2D. 

0028. As shown in FIG. 2D, the substrate 101 comprises 
a plurality of shaped lenses 127 formed on the top surface of 
the Substrate 101, where the dashed lines represent the 
region of the Substrate 101 that was removed by the etch gas 
125. As will be described in further detail below, the shape 
of each lens 127 formed on the Substrate 101 is determined 
by controlling the Selectivity during the reactive ion etching 
process. After the substrate 101 has been exposed to the 
reactive ion etching process, the residual photo-resist mate 
rial is removed from the surface of the substrate 101 by the 
use of a Suitable Stripping material, Such as acetone. The 
resultant structure 150 comprises a formed substrate 101 
having a number of lenses 127 formed with an elliptical or 
parabolic profile. In this specific example, the diameter at 
the base of each lens is approximately four hundred microns, 
and the height, which is measured from the top of the lens 
129 to the surface of the substrate 128, is approximately one 
hundred microns. Optionally, the focal length of each lens 
can be within the range greater than about one millimeter 
and less than about twenty millimeters. 

0029. To achieve the embodiment illustrated in FIG. 2D, 
various Settings of the above-described reactive ion etching 
proceSS are controlled to produce the elliptical or parabolic 
shaped elements. In one example, the Selectivity between the 
Substrate and the photo-resist is maintained at a value 
approximate to 5:1 during the reactive ion etching process. 
The selectivity of 5:1 is achieved by the utilization of a 
Silicon Substrate and a photo-resist material referred to as 
AZ9260. In addition, the flow rates of the etch gas 125 also 
control the Selectivity during the etching process. In one 
embodiment, the reactive ion etching process involves an 
etch gas 125 mixture of SF and O, wherein the etch gas 
125 comprises approximately 25% SF and 5% O. During 
the reactive ion etching process, the gas pressure may be 
maintained at approximately 15 mT, and the ion beam 
extraction Voltage may be maintained at approximately 40 
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Volts. In addition, the Substrate temperature may be main 
tained at room temperature. In yet another example, the 
Selectivity between the Substrate and the photo-resist is 
greater than 5:1. In Such alternative embodiments, the 
above-described etching process may include the method of 
maintaining the Selectivity at a value of 8:1. 
0030. Another embodiment of the fabrication process 
involves the configuration of the photo-resist depth to a 
predetermined value. In this embodiment, in addition to 
controlling the etch-rate Selectivity during the etching pro 
ceSS, the adjustment of the photo-resist depth also contrib 
utes to an accurate formation of a micro-optic element 
having a parabolic or elliptical profile. FIG. 3A illustrates 
one Specific curve that models the cross-section of a micro 
optic element produced by this embodiment of the fabrica 
tion process. In addition, Sample curve equations illustrating 
the precise shape of a micro-optic element made by this 
method are described in more detail below. 

0031. For illustrative purposes, ellipse and parabola 
equations are used to model Specific profiles of the above 
described micro-optic elements. The equations described 
below also illustrate that, when etched at a predetermined 
rate, an elliptical shaped micro-optic element having specific 
dimensions is similar to a parabolic shaped micro-optic 
element. In one example, a reflector having a diameter of 
four hundred micrometers and height of one hundred 
micrometers is modeled. With this given diameter and 
height, a parabolic profile is described as: 

100 (Equation 1) 
Yaa = 100-4 

0032. With respect to the illustration of FIG.3A, the “X” 
denotes the horizontal component of the profile and the “Y” 
denotes the vertical component of the profile. In an example 
involving a predetermined photoresist height of one hundred 
micrometers and an etch-rate of five (a Selectivity of 5:1), 
the radius R, and the profile Y, are given below in 
Equations (2) and (3), respectively. 

R= (h2+2002) (Equation 2) 

0033. By the use of Equations 2 and 3, an elliptical profile 
Y-ellipse can be described in Equation (4) with a height of 
100 micrometers by multiplying the rate: 

circle (Equation 3) 

ellipse circle 

0034. With predetermined etch-rate, diameter and height 
parameters, the resultant curves of a parabolic micro-optic 
element (Equation 1) and an elliptical micro-optic element 
(Equation 4) are substantially similar to one another. FIG. 
3B is a graphical representation showing the difference 
between the two curves of Equations 1 and 4. AS shown in 
the graphical representation of FIG. 3B the maximum 
deviation between the two curves is less than 0.1 micron. 
This example illustrates test results of a micro-optic element 
formed from an etching proceSS where the Selectivity was 

=rate(VR'-x-R+h) (Equation 4) 



US 2004/OO16718A1 

maintained at a value of 8:1. When a selectivity of 5:1 is 
applied to the above-described modeling equations, results 
have shown that the maximum deviation between an ellip 
tical profile and a parabolic profile is 0.25 microns. In this 
analysis, the average deviation between the elliptical profile 
and the parabolic profile is approximately 0.05%. Accord 
ingly, in View of the example above, an etch-rate Selectivity 
of five (5:1) or greater results in a micro-optic element 
having a preferred profile. 

0035) In view of the operation of a Gaussian beam profile 
promoting cavity, such as those shown in U.S. Pat. No. 
6,002,703 to Hwu et al., the error requirement to maintain 
the generation of a Gaussian beam profile from a parabolic 
or elliptical cavity is 5% or less. Thus, in view of the 
approximation of error between the elliptical and parabolic 
profiles, within certain tolerances, it appears that an elliptical 
micro-optic element can be used in applications that require 
a parabolic micro-optic element. 
0036). In another aspect of the present invention, another 
embodiment of a fabrication method is utilized for forming 
a reflector having a parabolic or elliptical profile. In one 
Specific embodiment, the above-described fabrication pro 
ceSS further comprises a molding procedure to form a 
reflector or array of reflectors. By the use of this embodi 
ment, a plurality of shaped lenses or elements (127 of FIG. 
2D) can be used as a master mold to repeatedly replicate a 
number of reflectors. 

0037 Referring now to FIG. 4, one embodiment of an 
assembly 200 used for forming a reflector array 220 is 
shown and described below. In the illustrated example, the 
assembly 200 may include a formed substrate 101 having a 
plurality of micro-optic elements 127, such as the formed 
substrate (101 of FIG. 2D) made by the above-described 
fabrication method. As described above, the plurality of 
micro-optic elements 127 are preferably formed to have an 
elliptical or parabolic profile. 

0038. In the fabrication of the reflector array 220, a 
Softened molding material is disposed on the Surface of the 
plurality of micro-optic elements 127. As shown in FIG. 4, 
when the molding material is applied, the plurality of lenses 
127 shape the molding material into a formed reflector array 
220 having a plurality of cavities. Accordingly, each cavity 
formed in the reflector array 220 adopts a profile similar to 
the profile of the micro-optic elements 127. As can be 
appreciated by one of ordinary skill in the art, this part of the 
proceSS may involve any known material forming process, 
Such as injection molding, thermal embossing, micro-mold 
ing, compression molding, or the like. The molding material 
can be made from any material that can be applied to the 
Surface of the Substrate 101 in a moldable state and then 
transformed into a hardened State. For instance, the molding 
material can be made from any plastic, metal, glass, poly 
mer, gelatin, or any combination thereof. Once the cavities 
are formed in the reflector array 220, the molding material 
is then hardened to stabilize the shape of the formed cavities. 
The formed reflector array 220 is then removed from the 
substrate 101. Optionally, the formed reflector array 220 is 
then polished and coated with a reflecting material. 
0039) Referring now to FIG. 5, one embodiment of a 
curved reflector 300 of a reflector array (item 220 of FIG. 
4) is shown and described below. As shown in FIG. 5, the 
curved reflector 300 has a substantially elliptical or para 
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bolic profile. In one embodiment, the curved reflector 300 
may be formed from conventional materials that render the 
curved reflector 300 semi-reflective, so when light is 
directed into the cavity from a Source, a portion of light is 
reflected back to the Source, and the remaining portion of 
light is transmitted through the curved reflector 300. In such 
an embodiment, the curved reflector 300 can have a transi 
tivity of up to about 30%, or a reflectivity of at least about 
70%, or in another configuration, a transitivity of up to about 
50%. The curved reflector 300 can be formed of light 
transmissive materials Such as various plastics or glass. 
Optionally, a variety of conventional antireflective coatings 
or layers can be applied to the Surface of the curved reflector 
300 to produce the desired reflectivity or transitivity prop 
erties needed for a particular application. The reflective 
coatings or layerS may be made from any reflective material 
Such as SiO2 and TiO2 or Taos. Such reflective materials can 
be applied to the curved reflector 300 surface at a tempera 
ture of 300° C. 

0040. In another embodiment, the curved reflector 300 is 
formed into a parabolic or elliptical cavity having a mirrored 
Surface. In this embodiment, the curved reflector 300 can be 
formed of various materials Such as metals, plastics, various 
glasses, or combinations thereof, and coated with a highly 
reflective material. For example, a layer of a Suitable reflec 
tive metal can be disposed on the cavity Surface of the 
curved reflector 300 to produce a mirrored surface. Suitable 
reflective metals include nickel, aluminum, or other reflec 
tive materials. 

0041 As described in U.S. Pat. Nos. 6,002,703; 6,219, 
187 B1; 5,995,289; and 6,259,713 B1 to Hwu et al., the 
Subject matter of which is specifically incorporated by 
reference, the curved reflector 300 may be arranged to 
receive laser light from a Semiconductor laser Source. Dur 
ing operation, the Semiconductor laser Source emits a diverg 
ing beam that is incident upon cavity of the curved reflector 
300. If the facet of the semiconductor laser Source is located 
at the focal point of cavity, the filamentation of the beam that 
is transmitted through the curved reflector 300 is substan 
tially reduced. In addition, the beam that is transmitted 
through the curved reflector 300 can be characterized as 
having a Substantially Gaussian intensity profile. The 
remaining portion of beam fed into the curved reflector 300 
is reflected back towards facet of the Semiconductor laser 
Source to produce an optical feedback effect. Accordingly, 
power enhancement and optimum beam profiling are 
achieved as a result of the elliptical or parabolic shape of the 
curved reflector 300. 

0042. While several embodiments of the invention have 
been illustrated and described, it will he appreciated that 
various changes can be made therein without departing from 
the purpose and Scope of the invention. Similarly, any 
process Steps described herein might be interchangeable 
with other Steps in order to achieve the same result. In 
addition, the illustrative examples described above are not 
intended to be exhaustive or to limit the invention to the 
precise forms disclosed. For instance, another embodiment 
of a micro-lens array may comprise an array having a 
number of randomly spaced lenses or one individual lens. In 
one example, a number of individual micro-lenses and/or 
various combinations of other optical devices may be 
formed on one Substrate. In Such an example, each indi 
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vidual device can be configured with a number of Similar or 
different cross-section profile shapes. 
0.043 Further improvement to forming shaped lenses on 
lasers, LEDs and the like have been accomplished. These 
improved techniques and the lenses formed by Such tech 
niques are Suitable for Single-mode, high-power edge emit 
ting lasers (EELS) and vertical cavity Surface emitting lasers 
(VCSELs) and high power and high brightness light emit 
ting diodes (LEDs). 
0044) The technique has the following features: 

0045 1. Ink-jetting process, this process has the 
advantage of being able to apply right on the facet 
either during the proceSS or after the packaging, 

0046 2. LEDs: the same will be applied to high 
power/high brightness LEDs; 

0047 3. bars and arrays: the same can be applied to 
bars and arrays, and 

0048 4. external parabolic reflector or the like can 
also be manufactured Separately from the laser and 
LED and used with the lasers and LEDs. 

0049. The demand for high-power and high-brightness 
LEDS continue to increase, driven by applications Such as 
traffic Signals, automotive lighting and display back-illumi 
nation. In order to Satisfy the Steadily growing need for 
higher luminous efficiency and intensity, we propose the 
following: 

0050 Instead of replacing the absorbing GaAs substrate 
with transparent GaP after growth using wafer bonding 
techniques which are well established, placing the epitaxi 
ally grown Semiconductor layer, including the active region, 
on a highly reflective mirror considerably eases. Some of the 
challenges of wafer bonding. Because the bonding interface 
need not be optically transparent, a metal-metal interface can 
be used. Thus in contrast with wafer bonding, neither 
ultra-Smooth Surfaces nor precise matching of crystallo 
graphic alignment are necessary. The full advantage of the 
thin-film concept can be exploited by incorporating a Surface 
that randomizes or changes the angle of reflection of light 
otherwise captured within the Semiconductor. Ink-jet of 
nano particle is disclosed here as an inventive process to 
create Such Surface. 

0051. The process sequence for the metal bonding: the 
metal layers are deposited on the epiwafer, whereas the 
carrier than can be Silicon, metal or other material has good 
heat conduction for thermal management) is coated with 
Suitable Solder layers. A short, low temperature Step is 
required for the metal-metal bonding-this is essential to 
avoid redistributing doping profiles within the LED struc 
ture. After bonding, the Substrate of the epiwafer is removed 
by grinding and wet chemical etching. 
0.052 In order to make thin-film LEDs more efficient, it 
is necessary to incorporate a Surface that Scatters light rays 
into new propagation angles, giving them a chance to lie 
within the extraction Zone. Ink-jet of nano-particle in the 
Sub-micrometer range is used to realize a diffuse reflecting 
Surface. This is much simpler than the existing technology 
of inclined micro-reflectors forming geometrical bodies like 
frustums or pyramids are defined in the upper part of the 
epitaxial layer and then deposit the mirror and bond the 
wafer to the carrier. 
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0053) The reflectivity of the minor can be enhanced to 
value greater than 90% using a dielectric layer beneath the 
mirror metal. 

0054 Another way to make LED more efficient is by 
using a resonator, a feature found in lasers. A resonant cavity 
LED (RCLED) is superior to its predecessors in luminous 
intensity, light purity and modulation capabilities. It is also 
less temperature Sensitive and has a longer lifetime than 
competing laser light Sources. An RCLED consists of Sev 
eral regions, a highly reflective lower mirror over the carrier; 
an extremely thin one wavelength thick, light-producing 
layer; and a Semi-transparent upper mirror through which 
light is extracted. If the thickness of the active layer between 
the mirrors is an integer multiple of half the wavelength of 
the light, then the condition for vertical resonance is full 
filled. But there are also resonances at off-axis angles, and 
the more half-wavelengths that fit between the mirrors (i.e., 
the higher the order of the resonator) the more off-axis 
resonances will be observed. The off-axis resonances are, 
however, outside of the extraction cone, which is defined by 
the angle of total internal reflection. Light in these reso 
nances is absorbed not emitted. Since the same amount of 
light is emitted in every resonance, the cavity order has to be 
as low as possible. In practical LED, even if the active layer 
is only about the size of a wavelength, the arrangement Still 
amounts to a multiple of half wavelengths. As a result, two 
tricks are played in current RCLED to increase the extrac 
tion efficiency. The first is to adjust the sharpness of the 
resonance by tuning the reflectivity of the reflectors, i.e., the 
reflectivity of the top mirror is adjusted to reduce the 
emission angle of the forward-directed resonance to make it 
fit in the escape cone completely. The other trick is to 
mistune the resonance wavelength relative to the quantum 
well emission towards longer wavelengths. This is called 
detuning, and because of this the rays in resonance are not 
exactly perpendicular to the layers, but slightly Slanted, 
though they are still inside the extraction cone. It is espe 
cially the Second trick, makes designing and growing an 
RCLED structure tedious. Our second inventive step is that 
Gaussian promoting cavity for promoting Single low-order 
mode in laser operation will be used in LED to obtain low 
order and little off-axis modes to ensure the maximum 
extraction efficiency. 

0055. This design allows LEDs to have better spectral 
purity, Spatial coherence and light directivity. Since this 
design provides LEDs with laser-like performance, it opens 
up Some new applications for LED manufacturers. It even 
allows LEDs to compete with lasers in Some applications 
that have been exclusive to lasers only Such as data com 
munication via plastic optical fiber (POF). POE networks 
are gaining more interest not only for automotive applica 
tions, but also for intrabuilding multimedia applications. 

0056 Photomicrographs of lenses formed by controlled 
inkjetting are illustrated in FIGS. 6 and 7. The depth of the 
lens may be controlled by the number of ink-jet drops as 
well as by the Surface tension of the ink material as well as 
temperature. 

0057. An advantage of the inkjet process as compared 
with prior lenses formation processes is that a lens of the 
desired conformity may be directly achieved without addi 
tional etching or Sculpting. 
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0.058 Spinning of the object during inkjetting may or 
may not be employed. 

0059 FIGS. 8, 9, 10 and 11 provide profiles of lenses 
formed by an ink-jetting technique. 

0060. The novel technology developments described 
herein will assist in making the exploding demand for 
greater online communications capacity. Optical fiber trans 
mission lines are already being installed World wide to meet 
this demand. Dense Wavelength Division Multiplexing 
(DWDM) is the first important example. DWDM multiplies 
the information-carrying capacity of an optical fiber by 
Sending multiple information data channels down the fiber 
using multiple carrier transmitters with differing wave 
lengths. The larger the number of channels used, the greater 
is the demand for pump power. Today DWDM is powered 
by edge-emitting diode laser-based pump technology which 
is unable to reliably provide more than ~250 mW in single 
mode fiber. A high-power beam means more information 
handling capability in the network. Our technology makes it 
possible to greatly expand the information transmission 
capability of a fiber network at a significantly lower cost. 
The instant technology Sets previously unheard of perfor 
mance/price expectations and will have a major impact not 
only on communications, but also displays, lighting and 
medical markets. 

0061 The unique technology focuses on a parabolic or 
elliptical shaped reflector which provides the necessary 
feedback to promote Single mode operation of a large-area 
diode laser. A large-area beam means that the possibility for 
catastrophic optical damage to the laser is eliminated. Lat 
eral mode instabilities arise in high power Semiconductor 
lasers because high output power and Single mode operation 
have contradictory design requirements. For high power 
operation, a large optical mode croSS Section is needed to 
circumvent the material damage threshold of 10 MW/cm2. 
The lateral mode dimensions may be increased with weak 
lateral waveguiding. The weak optical confinement in these 
lasers, which are called broad area lasers in edge emitting 
lasers, usually leads to multilateral mode operation. Such 
kind of multilateral mode operation (filamentation) is con 
sidered as instability because it gives rise to spectral broad 
ening and high Spatial frequencies in the lateral field distri 
bution. In the case of Vertical cavity Surface emitting lasers 
(VCSELs), when the diameter is increased to be on the order 
of 100 microns, the output power can be on the order of a 
few hundred mW (compared to VCSELS have a diameter on 
the order of Several microns currently give the output power 
only up to 8 Matthew Wooton.), however, the output beam 
carries high order Spatial modes and multiple frequencies. In 
many applications including free Space communications, 
pumping Sources for optical fiber amplifiers, and diode 
pumped solid state lasers (DPSSLs), single mode high 
power diode lasers are highly desirable. 

0.062 By understanding that filamentation in broad area 
laserS results from Self-focusing due to gain Saturation one 
unique approach is to use an external optical feedback, 
Specifically from a parabolic reflector to discourage the 
highly non-uniform intensity distribution or the multilateral 
mode operation of the large area laser and, as a result, 
promotes the desired Single mode operation. The approach 
can be applied to both edge emitting lasers (EELS) and 
Surface emitting lasers (SELS) of Semiconductors. In the 
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case of producing a much higher power emitted from the 
Surface of the chip, the technology provides the advantage of 
making it possible to mass test chips prior to costly pack 
aging. As a result of that the technology enables Single 
transverse mode operation of the high power, large-area 
diode lasers, it is relatively easier to produce a circular beam 
using appropriate lens, lenses, and lens Systems. A circular 
beam enables efficient coupling to a single-mode optical 
fiber. 

0063. The unique approach further includes the possibil 
ity to use an elliptical reflector that approximates a parabolic 
reflector to a large degree (for example, 95%) to provide the 
necessary optical feedback for Single mode operation of the 
high power, large area diode lasers. This innovation further 
includes the construction of the parabolic or elliptical reflec 
tors both discretely as a separate optical component from the 
laser itself and directly integrated on the Surface of the laser 
facet. The reflector can also be integrated on the back Surface 
(Substrate) of the laser. In addition, before integrating the 
reflector onto the facet, the facet can be coated with and 
without antireflective coating. In the case that the facet is 
coated with antireflective coating of 90% and higher, the 
feedback provided by the reflector is in the external format. 
In the case that the facet is not coated with antireflective 
coating prior to the integration of the reflector, the optical 
feedback is closer to an internal format. In the case that the 
reflector is applied after the antireflective coating, 45% 
reflectivity can be used for the coating on the reflector. In the 
case that the reflector is applied without the antireflective 
coating, the reflector requires 55% reflectivity to provide the 
necessary feedback. The efficiency of the case that the 
reflector is applied after the antireflective coating or the 
external optical feedback method has higher efficiency than 
the other case. 

0064. In the case that the reflector is being placed on the 
back Surface or the Substrate of the laser, the parabolic or 
elliptical reflector can further Serve as a collimator for the 
light coming out from the laser. In this manner, the parabolic 
or elliptical reflector can also be applied on the back-Side of 
the light emitting diode to collimate the light and enhance 
the brightness of the light emitting diodes. When the reflec 
tor is applied on the back Surface or the Substrate of the laser, 
the reflectivity on the reflector should be as high or as close 
to 100% as possible. 

0065 Based on a unique application method, the reflec 
tors can easily be applied on to arrays of devices Such as in 
diode laser bars (1 dimensional multiple broad area diode 
lasers) and arrays (Stacked broad area diode laser bars or two 
dimensional multiple broad area diode lasers), and VCSEL 
arrayS. 

0066 Furthermore, our application method of the reflec 
tor allows the reflector to take either the form of one 
dimensional parabolic or elliptical distribution (cylindrical) 
for the cases of edge emitting diode laserS or broad area 
diode lasers or the form of Symmetrical two-dimensional 
parabolic or elliptical distribution. 

0067 Higher order nonlinear surfaces such as x" can also 
be used to enhance the Strength of the cavity and wave 
guiding and as a result, reduce the requirement of the 
reflectivity for these surfaces. 



US 2004/OO16718A1 

What is claimed is: 
1. A method of making a micro-optic element, wherein the 

method comprises: 
disposing at least one photo-resistant element on at least 

one Surface of a Substrate; 
forming the top Surface of the photo-resistant element to 

a curved form; 
Solidifying the formed photo-resistant element; 
exposing the Substrate and the formed photo-resistant 

element to a reactive ion etch chamber; and 
etching the Substrate and the formed photo-resistant ele 
ment Such that the etching of the Substrate produces the 
micro-optic element on the Substrate, wherein the etch 
ing process involves the control of the Selectivity 
between the substrate and the formed photo-resistant 
element So as to produce a predetermined curved 
Surface on the micro-optic element, and wherein the 
predetermined curved Surface is configured for colli 
mating a broad area laser beam. 

2. The method of claim 1, wherein the predetermined 
curved Surface on the micro-optic element is elliptical. 

3. The method of claim 1, wherein the predetermined 
curved Surface on the micro-optic element is parabolic. 

4. The method of claim 1, wherein the Substrate is made 
of Silicon and the photo-resistant element is made of 
AZ9260 photo-resist. 

5. The method of claim 1, wherein control of the selec 
tivity during the etching process comprises, controlling the 
flow rate of an etching gas to the Substrate and the plurality 
of formed photo-resistant elements. 

6. The method of claim 5, wherein the etching gas is a 
mixture of SF and O. 

7. The micro-optic element made by the method of claim 
1. 

8. A method of forming a plurality of micro-optic ele 
ments, wherein the method comprises: 

disposing a plurality of photo-resistant elements on at 
least one Surface of a Substrate, wherein the plurality of 
photo-resistant elements are each formed to a prede 
termined height and predetermined diameter; 

forming the top Surface of each photo-resistant element to 
a curved form; 

Solidifying the plurality of formed photo-resistant ele 
ments, 

exposing the Substrate and the plurality of formed photo 
resistant elements to a reactive ion etch chamber; and 

etching the Substrate and the plurality of formed photo 
resistant elements Such that the etching of the Substrate 
produces the plurality of micro-optic elements on the 
Substrate, wherein the etching process involves the 
control of the selectivity between the substrate and the 
plurality of formed photo-resistant elements, and 
wherein the selectivity is controlled to be at least 5:1, 
thereby forming a predetermined curved Surface on the 
plurality of micro-optic elements. 

9. The method of claim 8, wherein the predetermined 
curved Surface on the plurality of micro-optic elements is 
elliptical. 
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10. The method of claim 8, wherein the predetermined 
curved Surface on the plurality of micro-optic elements is 
parabolic. 

11. The method of claim 8, wherein the Substrate is made 
of Silicon and the photo-resistant elements are made of 
AZ9260 photo-resist. 

12. The method of claim 8, wherein the predetermined 
curved Surface is formed Such that, when a laser beam is 
directed through the predetermined curved Surface, the pre 
determined curved Surface produces an output laser beam 
having a Gaussian intensity profile. 

13. The method of claim 8, wherein the predetermined 
curved Surface is formed Such that, when a laser beam is 
directed through the predetermined curved Surface, the pre 
determined curved Surface produces an output laser beam 
having a parabolic intensity profile. 

14. The method of claim 8, wherein the plurality of 
micro-optic elements has a Gaussian intensity profile pro 
moting Surface. 

15. The method of claim 8, wherein the plurality of 
micro-optic elements has a parabolic intensity profile pro 
moting Surface. 

16. The method of claim 8, wherein the selectivity is in a 
range greater than 5:1 and less than or equal to 8:1. 

17. The method of claim 8, wherein the predetermined 
height of the photo-resistant elements is approximately 
twenty microns and predetermined diameter is approxi 
mately four hundred microns. 

18. The method of claim 8, wherein control of the 
Selectivity during the etching process comprises, controlling 
the flow rate of an etching gas to the Substrate and the 
plurality of formed photo-resistant elements. 

19. The method of claim 18, wherein the etching gas is a 
mixture of SF and O. 

20. An array comprising the plurality of micro-optic 
elements made by the method of claim 8. 

21. The method of claim 8, wherein the method further 
comprises, forming a curved reflector Structure on the Sur 
face of the plurality of micro-optic elements on the Substrate, 
thereby forming a plurality of parabolic micro-optic on at 
least one Surface of the curved reflector Structure, wherein 
the individual parabolic micro-optic are formed by the 
plurality of micro-optic elements Such that the individual 
micro-mirrors have a predetermined curved Surface for 
collimating a laser beam directed into the individual micro 
mirrors. 

22. The method of claim 20, wherein the formation of the 
curved reflector Structure is produced by an injection mold 
ing process. 

23. The method of claim 20, wherein the formation of the 
curved reflector Structure is produced by a thermal emboSS 
ing process. 

24. The method of claim 20, wherein the micro-mirrors 
have a parabolic profile. 

25. The method of claim 20, wherein the micro-mirrors 
have an elliptical profile. 

26. The method of claim 20, wherein the micro-mirrors 
have a Gaussian promoting profile. 

27. An array comprising the plurality of micro-mirrors 
made by the method of claim 21. 


